Topically applied camphor elicits a sensation of cool, but nothing is known about how it affects cold temperature sensing. We found that camphor sensitizes a subpopulation of menthol-sensitive native cutaneous nociceptors in the mouse to cold, but desensitizes and partially blocks heterologously expressed TRPM8 (transient receptor potential cation channel subfamily M member 8). In contrast, camphor reduces potassium outward currents in cultured sensory neurons and, in cold nociceptors, the cold-sensitizing effects of camphor and menthol are additive. Using a membrane potential dye-basedscreeningassayandheterologouslyexpressedpotassiumchannels,wefoundthattheeffectsofcamphoraremediatedbyinhibitionofK v 7.2/3 channelssubtypesthatgeneratetheM-currentinneurons.Inlinewiththisfinding,thespecificM-currentblockerXE991reproducedthecold-sensitizing effect of camphor in nociceptors. However, the M-channel blocking effects of XE991 and camphor are not sufficient to initiate cold transduction but require a cold-activated inward current generated by TRPM8. The cold-sensitizing effects of XE991 and camphor are largest in high-threshold cold nociceptors. Low-threshold corneal cold thermoreceptors that express high levels of TRPM8 and lack potassium channels are not affected by camphor. We also found that menthol-like camphor-potently inhibits K v 7.2/3 channels. The apparent functional synergism arising from TRPM8 activation and M-current block can improve the effectiveness of topical coolants and cooling lotions, and may also enhance TRPM8-mediated analgesia.
Introduction
Camphor is a ketone originally isolated from the Cinnamomum camphora tree with a penetrating characteristic odor and pungently aromatic taste. It has a long-standing medicinal use as an ingredient in analgesic creams and cooling lotions, and is used for its scent as flavoring in India and Europe. It belongs to the group of plant-derived natural compounds, such as capsaicin, menthol, zingerone, and others, that act on members of the family of thermosensitive transient receptor potential (TRP) channels (Xu et al., 2006) . These receptors are purported to be involved in the conversion of thermal information into electrical signals (Clapham and Miller, 2011) .
Camphor exerts agonist and desensitizing effects on TRPV1 (TRP subfamily V, member 1) that may account for its pungency, counterirritant, and analgesic effects (Xu et al., 2005) . In addition, camphor is an agonist at the keratinocyte warm sensor TRPV3, which may mediate sensitization to warming of the skin (Green, 1990; and is a potent blocker of the noxious cold and irritant receptor TRPA1 (Xu et al., 2005; Macpherson et al., 2006; Karashima et al., 2009) . Nevertheless, the scent and taste of camphor impart an after-sense of coolness, rather similar to that of menthol, and when topically applied to the skin it produces a feeling of cooling (Green, 1990; Sweetman, 2004) . The mechanism of how camphor affects cold temperature sensing is unknown.
Cold sensing is mediated by specialized thermoreceptive and nociceptive nerve endings, some of which are equipped with the menthol receptor TRPM8 (McKemy et al., 2002; Peier et al., 2002) , an essential cold sensor in mice (Bautista et al., 2007; Colburn et al., 2007; Dhaka et al., 2007) . Low-threshold cold thermoreceptors are mechanoinsensitive and abundant in the trigeminal territory (i.e., in the cornea of the eye), where they feature ongoing impulse activity at resting temperature (34 -35°C) and respond vigorously to small temperature reductions (Ͻ0.5°C) as a result of high TRPM8 expression (Parra et al., 2010) . TRPM8 is also present in cutaneous nociceptive and thermoreceptive nerve endings. Mechanoinsensitive skin thermoreceptors share some of the characteristics of low-threshold corneal thermoreceptors, but display a much broader range of activation thresholds (37-17°C; Zimmermann et al., 2011) , likely reflecting a diverging ion channel composition and function.
Apart from transducing inward currents, cold-induced closure of outward potassium channels, like K 2 P, contributes to cold-induced depolarization (Reid and Flonta, 2001; Noël et al., 2009) , because it increases membrane resistance and reduces the effective voltage change required to excite sensory nerve endings . In addition, K V 1 family potassium channels are coexpressed with TRPM8 and contribute to the setting of the temperature threshold in cultured trigeminal and somatic neurons Teichert et al., 2012) .
To gain novel insight into cold transduction mechanisms, we investigated the molecular mechanism of how camphor induces sensitization to cooling. We used extracellular and patch-clamp electrophysiology in combination with transgenic mice, calcium imaging, and a high-throughput FLIPR Tetra-based screening assay and present the first evidence of an involvement of K V 7.2/3 channels, which form the neuronal M-current, in the suprathreshold amplification of TRPM8-dependent cold transduction in cutaneous cold nociceptors.
Materials and Methods
Animals. C57BL/6J mice (16 females and 37 males), TRPV1 Ϫ/Ϫ (5 females and 8 males), TRPM8 Ϫ/Ϫ (16 males), heterozygous TRPM8 EGFPf/ϩ mice (6 males), and TRPM8 ϩ/ϩ age-matched littermates (14 males) weighing between 18 and 32 g were killed by 100% CO 2 . Animals were conventionally genotyped using commercially available primers (Metabion). TRPV1 Ϫ/Ϫ mice were congenic to and matched with C57BL/6/J and were a gift from J.B. Davis (GSK, Harlow, UK). The primer sequences were for wt CAT GGC CAG TGA GAA CAC CAT GG and AGC CTT TTG TTC TTG GCT TCT CCT; and for the knock-out allele CCG GTG CCC TGA ATG AAC T and AAG ACC GGC TTC CAT CCG A. TRPM8 Ϫ/Ϫ and TRPM8 EGFPf/ϩ were donated by A. Patapoutian and A. Dhaka (The Scripps Research Institute, La Jolla, CA). TRPM8 transgenic mice were from N4F3 (n ϭ 4) and N5F1-F6 (n ϭ 12) generation, and littermates of the N5F1/F5 generation were matched as a control. The primer sequences were 5Ј-GGG ATG TCA TAG TGC TGA AAG for the wild-type allele, and 5Ј-CCG GGT GCT GCC CAT AGT ACC for the knock-out allele.
Single-fiber recordings. The isolated skin-saphenous nerve preparation and single-fiber recording technique were used as previously described ). The skin was kept under laminar superfusion of carbogen-gassed synthetic interstitial fluid (SIF). Receptive fields of identified mechanosensitive C-fibers were characterized with von Frey filaments and with respect to thermal responsiveness (heating and cooling). Therefore, the receptive fields were isolated from the surrounding fluid with an aluminum or Teflon ring (volume, 300 -400 l), and kept continuously perfused with camphor, menthol, capsaicin, retigabine, XE991, or combinations of those at a rate of 10 ml/min at 30°C. To apply prewarmed solutions as well as heat and cold stimuli, we used custom-made countercurrent temperature exchange application system . Heat ramps were ramp shaped rising from a bath temperature of 30°C and reached 49 Ϯ 1.4°C (mean Ϯ SD) within 20 s (average of Ͼ50 individual stimuli). The cold stimuli lasted 60 s and consisted of two phases, a first dynamic (30 -12°C) and a second static phase (12-10°C), each lasting 30 s. The cooling stimulus was linear during the first 7.5 s where the cooling rate reached a maximum of 1.5°C/s. The criterion for assigning heat responsiveness to a fiber was a discharge of at least 2 spikes. The criterion for assigning cold responsiveness to a fiber was adjusted to a discharge of at least 3 spikes due to the longer cold ramp (30 s). The noxious cold threshold was considered as the first spike discharged during cooling. Chemical sensitization to cold was considered when the magnitude of the response (number of spikes) and/or the peak discharge increased by Ͼ1.5-fold, in combination with a constant or decreased threshold temperature. The characteristics and treatments of the 200 recorded C-fibers are summarized in Tables 1 and 2 .
Transfection procedure. Recombinant TRPM8 (rTRPM8; 0.5 g/l) was transiently transfected in HEK293T cells by the calcium phosphate precipitation method or using Nanofectin (PAA Laboratories). A reporter plasmid (CD8-pih3m, 1 g) was cotransfected to allow identification of transfected cells by Immunobeads (anti-CD-8 Dynabeads, Dynal Biotech). HEK293T cells were maintained in DMEM supplemented with penicillin/streptomycin 100 U/ml, HEPES 25 mM, fetal 
For details see text and materials and methods.
bovine serum 10% (Invitrogen), and taurine 3 mM (Sigma-Aldrich) at 37°C and 5% CO 2 . After the transfection procedure, cells were kept in culture dishes (35 mm) and used for patch-clamp experiments within 2-3 d. Plasmid DNA of recombinant K 2 P channels (TRESK, TRAAK, TREK1, and TREK2) and K V 7 channels (K V 7.2 and K V 7.3) were transfected using Nanofectin (PAA Laboratories) or Fugene HD (Roche). Twenty-four hours after transfection, cells were plated on 96-well plates, 384-well plates, or glass coverslips as required and used 12ϳ24 h after plating. DRG culture. Adult mice were killed by CO 2 inhalation. DRGs from all spinal levels were removed and incubated in 0.6 mg/ml collagenase (type XI, Sigma) and 3 mg/ml protease (Sigma) for 40 min at 37°C in DMEM. The ganglia were then gently triturated, and neurons were plated onto borosilicate glass coverslips, which had been treated with poly-D-lysine (0.1 mg/ml for 30 min) and cultured (37°C, 5% CO 2 in air) in serum-free TNB-100 basal medium (Biochrom AG), supplemented with penicillin, streptomycin, and 100 ng/ml nerve growth factor-7S (Alomone Labs). Recordings were made after ϳ24 h in culture.
Patch-clamp electrophysiology. Whole-cell patch-clamp recordings were conducted at room temperature (ϳ21°C) with an Axopatch 200B amplifier and the pClamp 10 software (both Molecular Devices) installed on a conventional PC. Patch-clamp pipettes with a final resistance of 1.5-3 M⍀ were fabricated with borosilicate capillary glass (TW150F-3, World Precision Instruments). Currents were sampled at 2-5 kHz and filtered at 1 kHz. Voltage-clamp recordings were made on HEK293T cells and on small and medium-sized DRG neurons from a holding potential of Ϫ60 mV. Current-clamp recordings were made on small-and medium-sized DRG neurons from TRPM8 EGFPf/ϩ neurons and nonfluorescent neurons, only including cells with a resting potential negative to Ϫ47 mV. Only one cell per dish (HEK293T cells) or coverslip (DRG neurons) was used. The standard extracellular solution contained the following (in mM): NaCl 140, KCl 3, CaCl 2 1, MgCl 2 1, HEPES 10, and glucose 20, adjusted to pH 7.4 with NaOH. The pipette solution for current-clamp experiments contained the following (in mM): K-Gluconate 135, NaCl 4, MgCl 2 3, Na-GTP 0.3, Na 2 -ATP 2, EGTA 5, and HEPES 5, adjusted to pH 7.25 with KOH. The internal solution for recording of K 2 P channels in HEK cells contained the following (in mM): KCl 150, MgCl 2 3, HEPES 10, and EGTA 5, adjusted to pH 7.2 with KOH. The thermal stimuli were delivered using a multichannel, gravity-driven perfusion system incorporating rapid-feedback temperature control and consisted of heating (to ϳ45°C) and respective cooling (to ϳ15-10°C) of the test solution were applicable (Dittert et al., 2006) .
Recordings of K V 7.2, K V 7.3, and TRPM8 . HEK293T cells were plated on 3.5 cm dishes 1 d before transfection with Nanofectin (PAA Laboratories) according to the manufacturer's protocol using 1 g of cDNA of human K V 7.2 and K V 7.3, and human TRPM8 and 0.5 g of eGFP. Transfected cells were identified 2 d after transfection by using an inverted fluorescent microscope (Axiovert 40, Zeiss) combined with a fiber optic-coupled light source (UVICO, Rapp OptoElectronic). Whole-cell recordings were performed at room temperature (ϳ21°C) using an Axopatch 700B amplifier in conjunction with a Digidata 1322A interface and pClamp 10.3 software (all from Molecular Devices/MDS Analytical Technologies). Experiments were started 3 min after whole-cell access was obtained. Borosilicate glass electrodes (Biomedical Instruments) were pulled on a DMZ-Universal Puller (Zeitz) and had a tip resistance in bath solution of 2.8 -4.0 M⍀. Series resistance compensation was Ն75%. For brief perfusion (1 s), menthol was pressure ejected at 1 bar (PDES-02T, npi Electronic) through a pipette that was positioned in close proximity to the recorded cell. For longer perfusion of menthol, we used a gravity-driven Y-tube application system. The internal solution contained the following (in mM): K-gluconate 135, HEPES 5, MgCl 2 3, EGTA 5, Na 2 ATP 2, Na 3 GTP 0.3, and NaCl 4, adjusted to pH of 7.25 with KOH. External solution was composed of the following (in mM): NaCl 145, KCl 4, MgCl 2 2, CaCl 2 2, HEPES 10, and D-glucose 10, adjusted to pH 7.4 with NaOH. Puffer pipettes were filled with external solution and 50 M menthol. To determine EC 50 values, dose-response data were fitted to a logistic (Boltzmann) equation of the following form:
where A 1 and A 2 are the upper and the lower asymptotes, respectively, EC 50 is the half-blocking concentration, and p is a power factor. Data were analyzed using pClamp 10.3 and Origin Pro9.0G Software (Origin Lab Corp.) .
FLIPR Ca 2ϩ and membrane potential blue dye assay. To assess changes in membrane potential or intracellular Ca 2ϩ using the FLIPR Tetra (Molecular Devices) plate reader, cells were plated at a density of 10,000 cells/well on 384-well black-walled imaging plates (Corning) 24 h before the assay. Cells were loaded with blue membrane potential dye or Calcium 4 No-wash dye (Molecular Devices) in standard extracellular solution for 30 min at 37°C and 5% CO 2 . Changes in membrane potential or Ca 2ϩ responses were measured using a cooled CCD camera (membrane potential: excitation, 510 -545 nm; emission, 515-575 nm; Ca 2ϩ responses: excitation, 470 -495 nm; emission, 515-575 nm) for 300 s after the addition of menthol, XE991, retigabine, or camphor. Raw fluorescence data were analyzed using Screenworks 3.1.1.4 (Molecular Devices) and fitted using GraphPad Prism (version 4.00). The dose-response data were fitted to a four-parameter Hill equation with variable Hill slope of the following form:
where A 1 and A 2 represent the maximal and minimal values. Calcium microfluorimetry. Calcium imaging experiments were performed as previously described (Babes et al., 2010) . Dissociated mouse DRG neurons or HEK293T cells transiently transfected with rTRPM8 were plated on poly-D-lysine-coated glass coverslips and loaded with Fura-2AM (3 M) supplemented with 0.02% pluronic acid (both from Invitrogen) for 30 min at 37°C and 5% CO 2 dissolved in extracellular solution followed by a 15 min washout. Ratiometric calcium imaging was performed on an Olympus IX71 inverse microscope with an 20ϫ or 10ϫ objective at 35°C (DRGs) and ambient temperature (recombinant TRPM8). Fura-2AM was excited at 340 and 380 nm with a Polychrome V monochromator (Till Photonics). Images were exposed for 2 ms and acquired at a rate of 1/s with a 12-bit CCD camera (Imago Sensicam QE, Till Photonics). Data were recorded and further analyzed using TILLvisION 4.0.1.3 software (Till Photonics). To assess Ca 2ϩ responses to cold and chemical stimulation, a software controlled six-channel gravitydriven common-outlet system was used (Dittert et al., 2006) . DRGs were selected for cold sensitivity and were characterized for TRP channel expression by application of menthol (250 M). Recombinant TRPM8 was superfused with 100 M menthol. Cells were considered responsive to a stimulus when the ratio increased by at least 20% over baseline. In HEK293T cells, ionomycin (2 M) was applied to the cells at the end of the experiment.
Corneal nerve terminal impulse recordings. Recordings were performed as previously described (Parra et al., 2010) . Animals were killed by exposure to CO 2 . Eyes were carefully removed and placed in a glass with physiological saline solution for 30 min at room temperature and bubbled with carbogen. The optic nerve and associated tissues were drawn into a suction tube at the bottom of the recording chamber, and the eye was continuously perfused (1 ml/min) with carbogen-gassed physiological saline solution of the following composition (in mM): NaCl 128, KCl 5, NaH 2 PO 4 1, NaHCO 3 26, CaCl 2 2.4, MgCl 2 1.3, and glucose 10. The bath temperature was kept constant ϳ34°C using a custom-designed Peltier device. To record extracellular nerve terminal impulse (NTI) activity, a suction glass pipette (tip diameter, ϳ50 m) filled with the same physiological saline was applied to the surface of the corneal epithelium and a ground Ag/AgCl pellet was placed inside the recording chamber. Signals were recorded using an AC amplifier (Neurolog NL104, Digitimer Ltd) with the gain set to 2k and the bandpass to 0.1 Hz. Data capture was performed with the CED 1401 interface and the Spike2 6.0 software (Cambridge Electronic Design). Cold thermoreceptor endings were identified by their characteristic ongoing, often regular, lowfrequency impulse activity at 34°C, which increased during cooling and silenced in response to warming. Ongoing NTI activity at 34°C was recorded for at least 1 min before cooling. Basal mean ongoing activity (impulses per 1 s) was calculated during the 30 s preceding the onset of a 30 s ramp-like temperature drop to 20°C at a rate of 0.65 Ϯ 0.02°C/s. This protocol was repeated after exposure to camphor. Cooling thresholds are temperature values in degree Celsius at which NTI frequency increased to a value that was the mean NTI frequency, measured during the 10 s period that preceded the onset of a cooling ramp, plus three times its SD. Peak frequency values are the maximal impulse per second rate of NTI frequency during the cooling ramp. The slope (⌬ rate/⌬ temperature; impulses per second per degree Celsius) is the slope of the line between the firing frequency at the cooling threshold and the peak frequency per second value, related to the temperature in degrees Celsius.
Compounds. Camphor, menthol, XE991 [10,10-bis (4-pyridinylmethyl)-9(10H)-anthracenone], and capsaicin were purchased from Sigma. Retigabine was purchased from Alomone Labs. Camphor was used at a final concentration of 1, 2, or 10 mM, diluted from a 2 M stock in ethanol. Menthol was dissolved in ethanol and kept deep frozen at 10 mM until dissolved in SIF to 50 M, 100 M, 250 M, or 0.5 mM. Capsaicin was dissolved in ethanol to a concentration of 10 mM and stored deep frozen until used at a concentration of 1 M. XE991 was found to be unstable in frozen stock and in solution. Therefore, stock was prepared fresh from powder at 10 mM using DMSO before each experiment and kept refrigerated. For each recording, a new solution at a final concentration of 10 or 100 M was prepared from the refrigerated stock. The same procedure was followed for retigabine, which was dissolved in DMSO at a concentration of 10 mM and used at a final concentration of 50 M.
Statistical analysis. Unless otherwise stated, the Wilcoxon matchedpairs test was used for intraindividual comparisons. Differences were considered statistically significant at p Ͻ 0.05. For analysis, Statistica version 6 (StatSoft) was used. All data in figures are expressed as the mean Ϯ SEM; in tables, they are expressed as SE.
Results

Camphor boosts cold transduction in cutaneous nerve endings with functional TRPM8
We attempted to characterize the subpopulations of sensory neurons that are camphor sensitive using the isolated mouse skinnerve preparation ). We applied camphor focally to the receptive field of sensory nerve endings to record the propagated action potentials in response to cooling. We found that 2 mM camphor sensitized 25-30% of mechanosensitive C-fibers strikingly to cold (Fig. 1) ; a 2 mM dose is likely to be a medicinally relevant concentration, because camphor used in ointments and other topical preparations is present at up to 11%, which may correspond to several hundred millimolar camphor intracutaneously (Xu et al., 2005) . Because camphor was previously identified as a TRPV1 agonist (Xu et al., 2005) , we included recordings from TRPV1-deficient animals (Davis et al., 2000) . We found similar cold-sensitizing effects in both genotypes ( Fig. 1C-F ) ; the cold sensitization of camphor became manifest in a several-fold increase in cold-activated action poten- Ϫ/Ϫ (striped white and black bars) and TRPV1 ϩ/ϩ (blank white and black bars), camphor 2 mM induced sensitization to cold in one-third of the treated fibers (TRPV1 ϩ/ϩ , n ϭ 11/38; and TRPV1 Ϫ/Ϫ , n ϭ 9/28). TRPV1 ϩ/ϩ were congenic to C57BL/6. Lower trace, Temperature time course.
tial discharge and was accompanied by a large rise in peak firing frequency and a drop in activation threshold by 5°C ( Fig. 1C-E) . The camphor-induced sensitization to cold was partially reversible within 5 min of washout, and repeated applications produced comparable responses ( Fig. 1A) . Remarkably, camphor sensitized less than half of the cold-sensitive nociceptors to cold (ϳ40%), and mostly C-Mechano-Cold (CMC) fibers (Table 1 ; Fig. 1B ). Cold transduction in CMC fibers depends on TRPM8, because we previously demonstrated that these fibers are lacking in TRPM8-deficient mice (Zimmermann et al., 2011) . In addition, camphor induced novel pronounced responsiveness to cold in some of the thermoinsensitive nociceptors [CMechano (CM); Table 1 ; Fig. 1B ].
To elucidate the molecular mechanism of the cold-sensitizing effects of camphor, we first compared cold sensitization by camphor with menthol and determined equipotent concentrations and the overlap of camphor-and menthol-sensitive fibers. Expectedly and similar to camphor, menthol sensitized to cold (Fig.  2) , and likewise the sensitization (to 50 M) consisted in a severalfold increase in the magnitude of the cold response, a large rise in peak firing frequency, and a large drop in threshold temperature, depending on the concentration (using 50 and 500 M; Fig. 2D -F ). Like camphor, this effect was largely reversible ( Fig. 2A) 2B ). In contrast to previous patch-clamp reports from cultured rat DRG neurons (Reid et al., 2002) , where all neurons with coldactivated inward current were menthol sensitive, and with calcium imaging (Babes et al., 2004; Bautista et al., 2006) , where the majority (ϳ70%) of cold-sensitive cells displayed menthol sensitivity, menthol sensitized only 30% of the murine native coldsensitive terminals (Fig. 2B, CMC and CMCH) . Remarkably, the higher concentration of menthol (500 M) not only led to a greater and more dynamic activation by cooling, but also to a greater inactivation (adaptation) during the second, static, period of cold stimulation (Fig. 2 A, C) . Accordingly, the difference between both menthol concentrations reached significance only during the falling phase of temperature when the cooling rate was maximal (Ϫ1.5°C/s, from 30°C to 20°C; Fig. 2C, inset) . Comparing camphor and menthol, we found that 50 M (menthol) and 2 mM (camphor) produced not only a very similar pattern of cold sensitization (Fig. 2C ), but were equipotent in all three measures of sensitization (Fig. 2D-F , red projections; data pooled from both genotypes TRPV1 Ϫ/Ϫ and TRPV1 ϩ/ϩ ), magnitude of cold response, peak discharge, and shift in threshold temperature.
Camphor transiently activates, desensitizes, and blocks TRPM8
We tested next whether camphor modulates cold transduction by directly targeting the menthol receptor TRPM8. Therefore, we heterologously expressed rTRPM8 in HEK293T cells and used calcium microfluorimetry. Using the FLIPR Tetra plate reader to Cold sensitization by camphor overlaps with sensitivity to menthol. A, Original recording from a temperature-insensitive nociceptor showing instantaneous discharge rates in response to menthol application and cooling. Menthol produced de novo, partly reversible, reproducible, and concentration-dependent sensitization to cold. Interstimulus interval and drug wash-in was 5 min. Lower trace, Time course of cold stimulus and temperature thresholds of activation. B, Four-way distribution describing the percentage of mechanosensitive C-fibers of each subclass sensitized to cold by menthol (CM, temperature-insensitive nociceptor, n ϭ 3/5; CMC, cold nociceptor, n ϭ 3/5; CMCH, multimodal nociceptor, n ϭ 1/9; CMH, polymodal nociceptor, n ϭ 1/5; all, n ϭ 8/24; red area: fibers sensitized to cold by camphor projected from Figure 1B ). C, Averaged histogram (1 s bins, three-point adjacent averaging) comparing cold-sensitizing effects of menthol (closed blue circles, 50 M; open blue circles, 500 M) and camphor (red closed circles, pooled data from both genotypes in Fig. 1F ); control. Note that a higher concentration of menthol leads to greater dynamic activation and inactivation (adaptation) by cooling. Inset, Stimulus response diagram (APs/°C) for the first linear 7.5 s of the cold stimulus (1.5°C/s, corresponding to the time interval defined by dotted lines in lower trace). The difference between both menthol concentrations was significant during the falling phase of temperature (asterisks represent p Ͻ 0.04, Wilcoxon test). D-F, Quantification of menthol sensitization to cold: increase in response magnitude (control, 4.4 Ϯ 2.0; 50 M, 38.1 Ϯ 6.3; 500 M, 71.3 Ϯ 15.5; n ϭ 8/8/7; p ϭ 0.01 and p ϭ 0.09, Wilcoxon test; D) and in peak firing frequency (control, 0.7 Ϯ 0.4; 50 M, 5.0 Ϯ 1.1; 500 M, 14.1 Ϯ 2.8 spikes/s; n ϭ 8/8/7; p ϭ 0.01 and p ϭ 0.02, Wilcoxon test; E), and a rise in threshold temperature (control, 14.4 Ϯ 1.5°C; 50 M, 23.2 Ϯ 1.6°C; 500 M, 26.1 Ϯ 1.6°C; n ϭ 8/8/7; p ϭ 0.03 and p ϭ 0.09, respectively, Wilcoxon test; F ). Solid symbols represent the mean. Note that camphor 2 mM and menthol 50 M produce equipotent cold-sensitizing effects in all three measures of sensitization (red projections in D-F represent pooled data from both genotypes shown in Fig. 1C-E) .
measure stimulus-induced activity of rTRPM8-expressing cells, we found that camphor, in contrast to menthol, rapidly activated and then desensitized TRPM8-mediated Ca 2ϩ responses within 1 min of application (data not shown). Using conventional calcium imaging, we confirmed a TRPM8-activating effect and also found that application of camphor resulted in profound desensitization of the receptor. This desensitization was mild following short (15 s) applications of camphor (Fig. 3A ) but was predominant with longer application periods, and it manifested only as homologous, not as heterologous, desensitization (to menthol). A 5 min lasting application of camphor-as performed in our skin-nerve experiments-desensitized the receptor within Ͻ1 min and reduced the amplitude of the calcium response to a second camphor application by 95% (Fig. 3B) . We obtained these results also for recombinant human TRPM8 (data not shown). Using 2 mM, the camphor-activated calcium increase was blocked in the presence of the TRPM8 antagonist BCTC 10 M, and it was absent in nontransfected HEK293T cells and in calcium-free external solution (data not shown). In whole-cell recordings, a comparable TRPM8-activating effect was not observed at physiologically relevant holding potentials. Camphor was without effect on cold-activated (I cold ) TRPM8 currents. I cold reached an average peak amplitude of 273 Ϯ 73 pA, and 2 mM camphor had no effect (I cold 304 Ϯ 78 pA). The response of TRPM8 displayed a strong outward rectification during voltage ramps (500 ms) from Ϫ100 to ϩ150 mV (Voets et al., 2004) . Only at very positive potentials (ϩ140 mV) did camphor (2 mM) have a small potentiating effect of 15% (n ϭ 7, p ϭ 0.02; Fig. 3C ). In contrast, camphor partially blocked inward currents through TRPM8 when the channel was activated by menthol (Fig. 3D) . At 25°C, 2 mM camphor inhibited the peak current by ϳ70% (data not shown). When combined with cold, camphor (2 mM) partly inhibited the menthol-induced potentiation of the cold-activated current, but in steady state the amplitude of the current was not further reduced. At 15°C, inhibition of peak I cold potentiated by 50 M menthol reached ϳ60% and was reversible (Fig. 3D) . One likely reason for the lack of a discrete inward current in whole-cell mode may be the comparatively weak TRPM8 agonism of camphor, with menthol exhibiting an EC 50 of 0.027 mM, in contrast to camphor with 1.1 mM (Fig. 3E) .
We next tested the effect of camphor using calcium microfluorimetry in cultured DRGs of C57BL/6 mice loaded with Fura-2AM, and we observed both transient rapid activating and Figure3. CamphorexertsmixedagonistandantagonisteffectsonrecombinantrTRPM8.A,B,AverageresponseofHEK293Tcells(nϭ100)transientlytransfectedwithrTRPM8andsubmittedtorepetitiveshort(three consecutiveapplicationsof15seach,numbered1-3;A)andonelonger(5minfollowedby15s)stimulationwithcamphor(2mM;red)ormenthol(100M;blue;B);barchartsontherightillustratetheareaunderthecurve (AUC) of consecutive responses. Menthol was applied after camphor applications to test for heterologous desensitization (red, but not blue lines). Black lines, Control menthol responses. Note that long application of camphor-induced potent homologous but not heterologous desensitization. C, Cold-activated inward currents in HEK293T cells transiently transfected with rTRPM8. Camphor applied alone or in combination with a cold stimulushadnoeffectonthecold-inducedcurrentthroughTRPM8.I cold throughTRPM8reachedanaveragepeakamplitudeof273Ϯ73pA(nϭ8;cold-stimulustoϳ10°C)andof304Ϯ78pAinthepresenceofcamphor (nϭ8;pϾ0.05,Student'spairedttest).Righttrace,TRPM8activationat24°Cdisplaysastrongoutwardrectificationduringvoltageramps(500ms)fromϪ100toϩ150mV(lowertrace);theeffectofcamphor2mMwas verysmall.D,The2mMcamphorpartiallyblockedcold-activatedcurrentsofheterologouslyexpressedTRPM8whensensitizedby50Mmenthol.Thecamphor-inducedinhibitionofthecold-activatedandmenthol-sensitized peak current reached ϳ60% (n ϭ 6). E, Concentration-response relationship of camphor (EC 50 , 1.1 mM) and menthol (EC 50 , 0.027 mM) in HEK293T cells transiently transfected with rTRPM8 using conventional calcium imaging;asterisksignifiespϽ0.001usingunpairedttest.F,Effectofcamphoroncoldresponses(2min)ofcold-andmenthol-sensitive(me)culturedmouseDRGneuronsloadedwithFura-2AM.Camphorappliedaftera controlcoldstimulusreducedthecold-activatedcalciumsignalofthesecondcoldstimulusby53%(redline;meanofnϭ14,pϭ0.006,Wilcoxontest).Repeatedsuperfusionwithcooledextracellularsolutionreducedthe calciumsignalofthesecondcoldstimulusinmenthol-sensitivecellsby16%(dottedblackline;meanofnϭ8cells,pϭ0.025,Wilcoxontest).Barchart(right)comparesAUCforcold-activatedcalciumsignaloffirstandsecond coldresponses.Redarrowhead,Someofthecellsshowedarapidandtransientcalciumincreaseuponcamphorapplication.
blocking effects. First, DRG cultures were screened for cold sensitivity, then the effect of camphor on the cold-activated calcium increase was evaluated. Cells were subsequently treated with menthol ( Fig. 3F ) and capsaicin (data not shown). Similar to the results in transiently transfected HEK293T cells, and as previously described, camphor had a mild and transient activating effect in a small number of neurons, which mainly affected cells that were also activated by 1 M capsaicin (Xu et al., 2005) ; since some of these neurons were also sensitive to menthol, this transient activation could also reflect a transient activation of TRPM8 (Fig. 3F,  arrowhead) . In menthol-sensitive cells, camphor showed a blocking effect on the cold-activated calcium influx. When two repeated cold stimuli were applied, and the second stimulus was applied in the presence of camphor, the blocking effect reached 53% (p ϭ 0.006, n ϭ 14; Fig. 3F ), but two repeated control cold stimuli showed a significant decline of the cold-activated calcium signal of 16% (p ϭ 0.025; n ϭ 8; Fig. 3F ).
We assumed that the activating effect of camphor on TRPM8 was too weak and transient to explain the cold-sensitizing effects of camphor in the native nociceptors. In the presence of menthol and at cold temperatures, the blocking effect of camphor on TRPM8 was incomplete (Fig. 3C) , and the amplitude of the remaining cold-activated TRPM8 current is large enough to allow for sufficient cold-activated generator potentials and propagated action potentials in the nociceptive terminals (Fig. 1) . Therefore, we assumed that in nerve terminals camphor may act independently of TRPM8. We next tested whether coadministration of camphor and menthol results in a summation of cold-sensitizing effects.
Menthol and camphor sensitize to cold via independent mechanisms C-fibers with previous cold sensitization by either camphor or menthol were tested for cross sensitivity to the respective other compound. First, we analyzed the combined effect of camphor and menthol at equipotent doses (2 mM and 50 M; Fig. 2 ). Menthol coapplied with camphor significantly increased the camphor-induced cold sensitization in all three measures of sensitization, magnitude of cold response, peak discharge, and shift in threshold temperature (n ϭ 10; Fig. 4A-D) . Nevertheless, the effect of the combination of the compounds appeared to be slightly less than additive. On one hand, this may be due to the desensitizing and partial blocking effect of camphor on TRPM8. Of more importance in terminal nerve endings could be the fact that strong sensitization also entails adaptation and/or desensitization, a phenomenon that we have previously described for capsaicin (St. Pierre et al., 2009 ). This would certainly result in reduced peak discharge and magnitude of responses. Therefore, in a second experiment we applied camphor 2 mM after application of menthol at a saturating dose of 500 M, which induces adaptation and desensitization, as demonstrated in Figure 2 , A and C. With this combination, we found similar potentiating effects of both compounds, which led to activation of all treated terminals at 30°C bath temperature (n ϭ 6; Fig. 4E-H ) . These results suggest that the underlying mechanisms of action of both compounds are independent.
To find out more about the molecular mechanism of action of camphor in the fibers, we next used the patch-clamp technique in current-clamp mode on cold-sensitive cultured DRG neurons as a model. Cold sensitivity is present only in a small fraction of DRG neurons in the mouse (ϳ10%). Therefore, we identified cold-sensitive DRG neurons by using DRG preparations from heterozygous TRPM8 EGFPf/ϩ mice (Dhaka et al., 2008) . In fluorescent small-sized neurons (ø16.6 Ϯ 1.64 m), a cooling step from 30°C to 10°C repeatedly produced a large cold-activated voltage change of 39 Ϯ 2.7 mV and triggered action potentials at a threshold temperature of 23.9 Ϯ 1.1°C (Fig. 5A ). In these neurons, camphor (2 mM) reduced the number of action potential discharges in the falling phase of the cooling step by almost half (Fig. 5B) . There was no change in the activation threshold of the neurons after camphor application (23.8 Ϯ 1.1°C). This reversible reduction in action potential discharge may be due to a camphor-induced hyperpolarizing shift in sodium channel voltage dependence, which may result in reduced channel availability at depolarized potentials due to inactivation (Xu et al., 2005) . The effect of camphor was also tested on five cold-insensitive neurons where camphor had no effect at any temperature applied. An effect of camphor on the excitability of DRG neurons was then investigated by measuring rheobase current. Therefore depolarizing current pulses of 1000 ms duration and increasing intensity were injected into the cells. Camphor induced a pronounced and reversible decrease in rheobase by ϳ31% (Fig. 5C ), which is in agreement with an increase in excitability. One likely explanation for this effect is reduced background potassium conductance. The effects of camphor on voltage-gated outward currents were monitored using 300 ms steps from Ϫ80 to ϩ60 mV applied at 10 mV intervals from a holding potential of Ϫ60 mV. Camphor inhibited potently and reversibly the outward current in DRGs by 48 -53% at positive potentials. This current is contributed by voltage-gated potassium channels of different types (Fig. 5 D, E) .
K v 7.2 potassium channels are sensitive to block by camphor and menthol
To identify types of background and voltage-gated potassium channels blocked by camphor, we used a FLIPR Tetra-based screening assay where K 2 P potassium channels and K v 7 subtypes were heterologously expressed in HEK293T cells and loaded with membrane potential dye. In this assay, the overall change in membrane potential is translated into a change in fluorescence. Of all K 2 P channels present in DRGs, we chose those that were modulated by temperatures, which includes TREK1, TREK2, and TRAAK (Kang et al., 2005; Alloui et al., 2006; Noël et al., 2009) , and the most widely expressed K 2 P channel in mouse DRGs, TRESK (Kang and Kim, 2006; Dobler et al., 2007) . K v 7.2 and K v 7.3 channels were included because they have profound influence on nociceptor excitability. Subtypes coassemble to form the M-current, which is present in nociceptors and has a threshold of activation near resting membrane potential (Ϫ60 mV) (Schroeder et al., 1998; Wang et al., 1998; Linley et al., 2008; Passmore et al., 2012) . In this assay, K v 7.2 was most sensitive to camphor with an EC 50 of 1.9 mM; TRESK and K v 7.3 were much less sensitive to block by camphor (EC 50 of 8.6 and 9.4 mM, respectively; Fig.  5 F, G) . To validate the membrane potential assay, we next tested the effect of camphor on potassium channels in patch-clamp experiments. Indeed, heterologously expressed K v 7.2 proved to be most sensitive to camphor, and half-maximal block was attained with 500 M camphor. Heteromultimers were less sensi- EGFPf/ϩ mouse. Application of camphor did not induce action potential discharge, but caused partial reduction of the number of discharged action potentials during cooling (control, 116 spikes per cold stimulation; camphor, 77; wash, 106). The cold-activated voltage change and the temperature of activation were unchanged (22, 22.2, and 22.8°C, respectively). Middle trace, Temperature time course. Bottom, Expanded first and second cold response. B, Camphor reduced the cold response (action potentials discharge during the falling phase of the cold stimulus) in all TRPM8-expressing cells (n ϭ 5; p ϭ 0.04 Wilcoxon test). C, Camphor reversibly decreased rheobase current, resulting in an increased excitability (n ϭ 5). Current injections in 10 pA steps and of a length of 1000 ms were applied (64 Ϯ 9.8, 44 Ϯ 9.3, and 70 Ϯ 15 pA, respectively; n ϭ 5, p ϭ 0.04, Wilcoxon test). D, Potassium currents activated by depolarizing voltage pulses from Ϫ80 to ϩ60 mV from a holding potential of Ϫ60 mV in a cultured DRG neuron. Sodium currents were blocked with 700 nM TTX. E, I-V relationship of potassium currents recorded in DRG neurons; the camphor-induced blocking effect could be washed out and reached ϳ50% at positive voltages ( p Ͻ 0.05, t test). F, HEK293T cells transiently expressing the K 2 P channels TRESK, TRAAK, TREK1, and TREK2, and K V 7.2 and K V 7.3 were loaded with membrane potential dye, and the relative change in fluorescence was measured using a FLIPR Tetra plate reader and is shown as change relative to baseline. G, Stimulation with camphor caused a concentration-dependent change in fluorescence in HEK293T cells transiently expressing TRESK (open diamonds; EC 50 ϭ 8.57 mM) or K V 7.3 (open up-pointing triangles; EC 50 ϭ 9.38 mM). Cells expressing K V 7.2 (open down-pointing triangles; EC 50 ϭ 1.92 mM) were most sensitive to camphor, while there was no effect in untransfected HEK cells (closed diamonds).
tive and required 1.42 mM camphor for half-maximal block. The K 2 P channel most sensitive to block by camphor was TRESK, requiring 10.6 mM camphor for half-maximal block (Fig. 6 A, C) . TREK1, TREK2, and TRAAK were insensitive to lower concentrations of camphor. Overall, the membrane potential assay yielded approximately comparable results, and is therefore a convenient and fast method for target screening on potassium channels.
We next asked whether menthol exerts a similar effect on K V 7 channels. HEK293T cells were voltage-clamped to 0 mV at room temperature to activate outward currents generated by transiently expressed heteromeric K V 7.2/7.3 channels. When applied under these conditions, increasing concentrations of menthol (3-1000 M) produced apparent inward current responses of increasing amplitudes that resulted from the dose-dependent inhibition of K V 7.2/7.3 channels (Fig. 6B) . From the dose-response relationship depicted in Figure 6C , we calculated a half-maximal block of the outward current at 289 M, thus yielding an EC 50 value for menthol that was considerably lower than that for camphor.
To investigate a synergistic action of menthol on cold-sensing effectors, we cotransfected K V 7.2/K V 7.3 channels with TRPM8. Starting from a holding potential of Ϫ80 mV, HEK cells were depolarized stepwise in 10 mV increments. At each command potential, a 0.5 s pulse of menthol (50 M) was spritzed onto the cell. At hyperpolarized potentials, activation by menthol of TRPM8 gave rise to a transient inward current that decreased as the command potentials became less negative, thereby reducing the driving force. As command potentials were made more depolarized, the effect of menthol grew in size, now reflecting its blocking action on K V 7.2/7.3 channels, as shown above (Fig.  6D ). These data demonstrate that, with its simultaneous effect on TRPM8 and K V 7.2/7.3 channels, menthol is capable of providing increased transducing inward current over the entire voltage range (Fig. 6E) . To investigate whether block of these K V potassium channels is relevant for the cold-sensitizing effect of camphor and menthol, we next applied XE991, a specific blocker of K V 7 channels, to receptive fields of CMC fibers in skin-nerve preparations.
Like camphor, M-current blocker XE991 amplifies cold transduction
The effect of XE991 was recently analyzed in the rat skin-nerve preparation, but only with respect to modulation of heat sensing. In this study, application of XE991 sensitized A-fibers to heat and induced ongoing activity at bath temperature, while no effect on C-fibers was found (Passmore et al., 2012) . The EC 50 for XE991 lies in the low-micromolar range, and we used 10 M, corresponding to the EC 80 for heterologously expressed K V 7.2 and K V 7.3 (Wang et al., 1998) or the EC 60 for acutely dissociated DRGs (Rose et al., 2011) . Subsequently and in the same fibers, we also applied 100 M, because the IC 50 for K V 7.5 subtypes, which potentially dominate in C-fibers according to a recent report (King and Scherer, 2012) , is much higher with 60 -70 M (Schroeder et al., 2000) . After washout of XE991, each fiber was tested with menthol or camphor for cross-sensitization to cold. We specifically searched for mechanosensitive C-fibers with cold-sensitivity and found that 10 M XE991 sensitized 7 of 10 CMC fibers to cold. All of the sensitized fibers increased their cold response further upon treatment with camphor or menthol (Fig. 7 A, B) . The sensitization to cold by XE991 occurred only in cold nociceptors (CMC fibers), not in multimodal nociceptors (CMCH: n ϭ 2) or polymodal nociceptors (CMH: n ϭ 3), but also in none of the thermoinsensitive units (CM: n ϭ 3). This was in accordance with the sub- ϩ channels depicted as fitted average. K V 7.2/3 (red circles): IC 50 ϭ 1.42 Ϯ 0.20 mM; minimum, 15.18 Ϯ 3.77%; Hill coefficient, 0.88 Ϯ 0.07 (n ϭ 9). K V 7.2 (down-pointing triangles): IC 50 ϭ 0.53 Ϯ 0.11 mM; minimum, 2.76 Ϯ 1.56%; Hill coefficient, 0.70 Ϯ 0.02 (n ϭ 12). K V 7.3 (up-pointing triangles) was least affected by camphor (n ϭ 4). TRESK (rhombs): IC 50 ϭ 10.62 Ϯ 3.62 mM; minimum, 11.35 Ϯ 4.65%; Hill coefficient, 0.79 Ϯ 0.07 (n ϭ 9). Relative inhibition of K V 7.2/K V 7.3 outward current by menthol (blue circles) was plotted as a function of menthol concentration. A logistic equation was fitted to the dose-response data, yielding an EC 50 of 298 M (n Ն 10 for each data point). D, Menthol (50 M) had synergistic effects on TRPM8 and K V 7.2/K V 7.3 channels cotransfected in HEK293T cells. At each command potential, a brief pulse of menthol (50 M) was spritzed onto the recorded cells. Menthol-induced inward currents resulted predominantly from TRPM8 activation and K V 7.2/K V 7.3 inhibition at hyperpolarized and depolarized potentials, respectively. E, I-V relationships were calculated from experiments of D immediately before menthol application (black circles) and during peak menthol effect (open circles). Currents were normalized to their maximal amplitude before spritzing menthol (n ϭ 9). All error bars indicate SEM.
populations of fibers sensitized to cold by camphor and menthol (compare Figs. 1B, 2B, Table 2 ). The cold sensitization was independent of any direct effect of XE991 on TRPM8, because addition of XE991 on heterologously expressed TRPM8 at concentrations up to 100 M neither activated TRPM8 nor inhibited responses evoked by addition of menthol (50 M; using a FLIPR Tetra fluorescent Ca 2ϩ assay; data not shown). There were some differences between the effects of XE991 and camphor: XE991 had no significant sensitizing effect on the activation threshold (Fig. 7C ) and on the peak discharge of the cold nociceptors (not illustrated). XE991 shifted the threshold by 2.0 Ϯ 1.8°C (mean Ϯ SEM; n ϭ 8 CMC fibers, p ϭ 0.2, Wilcoxon test; camphor: 7.4 Ϯ 1.3°C; n ϭ 15 CMC fibers) and changed the peak discharge by 1.3 Ϯ 1.4-fold (n ϭ 8, p ϭ 0.4, Wilcoxon test; camphor: 5.2 Ϯ 0.6-fold). However, in accordance with a suprathreshold effect on cold transduction, XE991 significantly increased the mean discharge rate per second during the cold response from 0.7 Ϯ 0.4 to 1.5 Ϯ 0.9 spikes/s (n ϭ 8, p ϭ 0.02, Wilcoxon test; camphor: 1.0 Ϯ 0.1-3.6 Ϯ 0.3; n ϭ 15 CMC fibers, p ϭ 0.005; not illustrated). On average, the saturating 100 M concentration of XE991 was almost equally effective as the 10 M concentration (EC 80 concentration at K V 7.2 and 7.3), and produced a total increase in the magnitude of the cold response of 2.9 Ϯ 0.4-fold (XE991 10 M: 2.7 Ϯ0.4-fold; Fig. 7B ). However, on an individual basis, four of seven fibers showed further increased sensitization upon exposure to 100 M XE991: the magnitude of their cold response increased by an additional 30% (compared with 10 M XE991), which possibly indicates that in particular fibers the recruitment of other K V 7 channel subtypes, like K V 7.5, occurs (Wang et al., 1998; King and Scherer, 2012) . Together, XE991 was less effective than camphor, which amplified the cold response by 4.2 Ϯ 0.5-fold (Fig. 7B) . Nevertheless, from these results, block of M-current can explain more than half of the cold-sensitizing effect of camphor at 2 mM in mechanosensitive C-fibers (ϳ64 -69%).
To estimate the extent of M-channel block contributing to menthol-activated cold responses, we used the potent M-channel opener retigabine in combination with menthol. Retigabine was previously shown to be effective in rescuing M-channel function from block (Linley et al., 2012) , and thus might overcome menthol-induced inhibition of the M-current (Fig. 6B-E) . We found that the sensitizing effect of menthol could be entirely reversed by the addition of retigabine at supramaximal concentration (50 M), and that this effect was immediately reversed by superfusion with XE991 10 M (Fig. 7 D, E) . Like XE991, retigabine neither activated TRPM8 nor inhibited responses evoked by the addition of menthol (50 M; using a FLIPR Tetra fluorescent Ca 2ϩ assay; data not shown). shown as an increase in magnitude of the cold response. XE991 10 M increased the cold response by 2.7-fold, and 100 M by 2.9-fold (n ϭ 7, p ϭ 0.06, t test). Camphor, applied after washout of XE991, increased the cold response by 4.2-fold over baseline (mean of n ϭ 5 CMC fibers), which was significantly more than XE991 (vs 10 M, p ϭ 0.002; vs 100 M, p ϭ 0.03, t test). Block of K V 7-channels by XE991 may explain ϳ64 -69% of the cold sensitization of camphor. C, Sensitization to cold by XE991 did not entail a decrease in temperature threshold (control, 16.0 Ϯ 1.7°C; XE991, 18.0 Ϯ 1.4°C (10 M), 21.4 Ϯ 1.2°C (100 M); camphor, 22.8 Ϯ 2.0°C; n ϭ 8/8/7/5; *p ϭ 0.02, t test). D, Original recording showing instantaneous discharge rates in response to cooling and combined application of menthol (50 M) and retigabine or XE991. Interstimulus interval and drug wash-in was 4 min. Lower trace, Time course of cold stimulus and temperature thresholds of activation. E, Addition of 50 M retigabine reversed menthol-induced cold sensitization in CMC fibers (reduction by 51%), while the addition of XE991 restored and further boosted the menthol effect (increase by 33%; n ϭ 4 -5; p Ͻ 0.007, t test); in contrast, repeated cold stimulation in the presence of menthol alone showed a progressive decline of the menthol-sensitized cold response by 15%, 21%, and 23%, respectively (n ϭ 4; p Ͼ 0.05, t test). Error bars represent SEM.
Block of M-current is not sufficient to initiate cold transduction
So far, we have demonstrated that camphor, menthol, and the specific M-current blocker XE991 can produce cold sensitization, but only in CMC fibers, the fiber type that is absent in TRPM8-deficient mice, and in some menthol-sensitive CM fibers. This observation raises the question of whether the block of potassium channels, like the M-current, is sufficient to induce cold transduction in terminal nerve endings or whether the depolarization only amplifies a generator potential provided by cold-activated inward current.
To answer this question, we analyzed cold sensitization by XE991 and camphor in TRPM8-deficient mice. In a large sample of TRPM8 Ϫ/Ϫ fibers, camphor and XE991 failed to induce cold sensitization (n ϭ 32 and n ϭ 22, respectively). In contrast, in age-and sex-matched littermate control mice, the cold sensitization of camphor could be reproducibly induced in the same fiber subtypes as in C57BL/6 mice (n ϭ 32; Fig. 8 A, C; Table 2 ); similarly, the cold-sensitizing effect of XE991 was reproduced in two CMC fibers from TRPM8 ϩ/ϩ mice. In conclusion, in the case of camphor and XE991, block of potassium channels leads to a reduction of the voltage change across the membrane, which is insufficient to reach the action potential threshold. Nevertheless, it results in a considerable augmentation of the transduction current by TRPM8. This yields discharge of more action potentials and higher firing rates during cooling. Thus, XE991-in contrast to camphor-amplifies cold transduction mainly when cold transduction is activated and the threshold is exceeded, while camphor also exhibited a significant effect on the threshold and shifted it by Ͼ5°C to lower temperatures. This additional effect of camphor is similar to menthol (ϳ 9°C shift) and may be mediated by TRPM8 agonism in combination with inhibitory effects on other potassium channel subtypes.
Equilibrium of K v 7 channels and TRPM8 receptors in somatic cold nociceptors
Previously, potassium channels of the K V 1 family were identified to play a crucial role in the setting of the activation threshold of cultured cold-sensitive trigeminal neurons, and their expression was reported to form equilibrium with TRPM8 expression. This equilibrium is functionally conferred by inverse correlations between the threshold temperature of activation of the cold-sensitive neurons and K V 1 current density (negative correlation) and TRPM8 current density (positive correlation; . We next investigated whether in somatic cold nociceptors a similar inverse relationship exists for K V 7 channel availability and temperature threshold of activation of the cold nociceptors. In extracellular skin-nerve recordings, we have no means to determine K V 7 channel density as current density, but it may be indirectly derived from the magnitude of the cold-sensitizing effect achieved by inhibitors XE991 and camphor. Figure 8 , B and D, illustrates that, similar to the published findings in the trigeminal system, the fibers with the highest temperature Ϫ/Ϫ (white bars, n ϭ 8). XE991 sensitization to cold was present in fibers from C57BL/6 (n ϭ 8) and TRPM8 ϩ/ϩ (n ϭ 2) but not in TRPM8 Ϫ/Ϫ fibers. Lower trace, Time course of cold stimulus. Right, Bar chart summarizing XE991 sensitization to cold per 60 s cold stimulus in both genotypes (wt: 19.9 Ϯ 4.5-40 Ϯ 6.5; p ϭ 0.02, t test; TRPM8 Ϫ/Ϫ : 6.2 Ϯ 1.1-2.7 Ϯ 0.8). B, Correlation between activation threshold temperature of cold nociceptors (CMC) and cold sensitization by XE991 plotted as the fold increase in response magnitude (action potentials per cold stimulus of 60 s); dotted line, 0.95 confidence interval. C, Averaged histogram of cold sensitization by camphor in bins of 2 s recorded from TRPM8 ϩ/ϩ (black bars, n ϭ 18 CMCH fibers) and TRPM8 Ϫ/Ϫ (white bars, n ϭ 10). The sensitization to cold of camphor was reproduced in wt but not in TRPM8-deficient fibers. Lower trace, Time course of cold stimulus. Right, Bar chart summarizing camphor sensitization to cold per 60 s cold stimulus in both genotypes (wt: 14.2 Ϯ 4.3-37.6 Ϯ 12.6; p ϭ 0.08, t test; TRPM8 Ϫ/Ϫ : 7.8 Ϯ 1.6 -6.1 Ϯ 1.7. D, Correlation between activation threshold temperature of cold nociceptors and cold sensitization by camphor plotted as the fold increase in response magnitude (action potentials per cold stimulus of 60 s) for 15 CMC fibers. E, Mean firing frequency of corneal cold thermoreceptors from C57BL/6 mice in control solution (dotted line), in camphor 1 mM (black circles) and 10 mM (white circles). The figure displays the activity before (10 s) and during a dynamic cooling ramp from 34 to 20°C illustrated in the bottom trace. Inset, Mean slope (see Materials and Methods) of the change of frequency between the cooling threshold and the peak frequency versus temperature during dynamic cooling ramps (dotted line): 9.1 Ϯ 1.7 versus camphor 1 mM (black circles) 8.8 Ϯ 3.1 impulses/s/°C and 10 mM (white circles) 0.5 Ϯ 0.3 impulses/s/°C; n ϭ 7; paired t test: p ϭ 0.003). Errors bars represent the SEM. F, Mean activity, shown as impulses per second at 34°C, is increased by the application of camphor 1 mM for 3.4 min, while the maximum response during a dynamic cooling ramp is attenuated or blocked after application of camphor 1 or 10 mM, respectively. Ongoing activity: 3.7 Ϯ 1.2 impulses/s (control) vs 7.5 Ϯ 1.9 impulses/s at 1 mM (n ϭ 7) and 3.4 Ϯ 1.2 impulses/s at 10 mM (n ϭ 10); paired t test, p ϭ 0.003 and p ϭ 0.5, respectively; peak frequency: 56.9 Ϯ 6.7 impulses/s (control) versus 38.0 Ϯ 5.6 impulses/s at 1 mM and 8 Ϯ 4.4 impulses/s at 10 mM; n ϭ 7; paired t test, p ϭ 0.01 and p ϭ 0.004, respectively. Errors bars represent the SEM.
threshold showed the largest amplification of their cold response on camphor or XE991 application, while fibers with threshold close to resting temperature (30°C) showed little increase in their cold response after treatment with either compound.
In contrast to the cold nociceptors in the skin, low-threshold corneal cold thermoreceptors show an extremely high sensitivity to small temperature decreases (Parra et al., 2010) . TRPM8 is essential, and a lack of K V 1 potassium channels is a characteristic feature of these particular receptors and is evidenced by a lack of effect of potassium channel blockers like 4-AP (100 M) on the cooling threshold Parra et al., 2010) . In these fibers, superfusion of camphor (1 mM) led to a transient activation at bath temperature and a decrease in the dynamic cooling response, much like the effect of camphor on heterologously expressed TRPM8 (Fig. 8E,F) . In contrast, higher concentrations (10 mM) fully blocked the cold response. These effects may be explained by transient agonism, partial block, and desensitization of TRPM8.
Discussion
Specialized thermosensitive nerve endings in the skin are endowed with a large variety of ion channels to detect a broad range of cold temperatures. In this study, we identify for the first time a functional synergism between K V 7 potassium channels forming the M-current and TRPM8-activated cold sensing in cutaneous cold nociceptor nerve endings. In detail, we show that camphor, a natural compound with promiscuous effects on various TRPs, mediates its psychophysically measurable effect of sensitization to cooling by modulating TRPM8-dependent cold transduction in nociceptors via block of K V 7 channels. In addition, menthol proved to be an even more potent M-channel blocker. In accordance with these findings, inhibition of K V 7 by the specific M-current blocker XE991 resulted in sensitization of TRPM8-dependent cold transduction, while the M-channel enhancer retigabine attenuated cold transduction. Neither camphor nor XE991 modulates cold transduction in TRPM8-deficient fiber types or fibers from TRPM8-deficient mice. The differential effects of camphor in cultured DRG cell bodies (reduction of cold-activated responses) and terminal nerve endings (potent sensitization to cold) suggest important differences between both models.
In nerve terminals, as expected, menthol dramatically increased the cold-induced action potential discharge and induced a shift in temperature activation threshold by almost 9°C at 50 M, but induced firing at 30°C only at very high concentration. Thereby the effects of menthol in the terminals directly reflect observations from current measurements of heterologously expressed TRPM8: depending on the expression level, coldactivated currents are of small amplitude, but can undergo a large increase following chemical sensitization (Peier et al., 2002) . Camphor induced a similar sensitization to cold in an equally large proportion of cutaneous terminals as menthol, affecting the same subpopulation of mechanosensitive C-fibers. In contrast, its effects on heterologously expressed rat and human TRPM8 were notably different from menthol and rather complex: camphor induced a brief activation, but was a far weaker agonist than menthol, and activation was regularly followed by desensitization. These actions on recombinant TRPM8 contrast the profound and menthol-like cold-sensitizing effects of camphor in cold nociceptors. Apart from that, camphor seemed to partly inhibit agonist-activated TRPM8: it blocked the mentholactivated current through the recombinant channel, but had much less blocking influence on the cold-induced current of recombinant TRPM8 or the cold-activated Ca 2ϩ increase and action potential firing of TRPM8-expressing cultured DRGs. In fact, a weak blocking effect of camphor on recombinant TRPM8 was previously mentioned (Vogt-Eisele et al., 2007) , and the effects of camphor on TRPV1 are similar: rapid activation is followed by profound desensitization (Xu et al., 2005; Marsakova et al., 2012) . In fact, in the nerve terminals the potent coldsensitizing action of camphor seemed to require more than weak TRPM8 agonism, because coapplication of equipotent concentrations of camphor and menthol produced additive effects, and even cold sensitization by a saturating concentration of menthol was further enhanced by camphor.
The most obvious effect of camphor in cultured DRGs was a block of potassium outward currents Potassium channel block is already a recognized principle to explain part of the cold-induced increase in membrane resistance, which partly depends on leak channels of the K 2 P channel family. The most widely expressed K 2 P channel in murine DRG neurons, TRESK (Kang and Kim, 2006; Dobler et al., 2007) was only weakly blocked by camphor as measured in our membrane potential assay and confirmed in patch-clamp experiments (block of ϳ20% at 2 mM). Other K 2 P channels, like TREK1, TREK2, and TRAAK, undergo cooling-dependent closure, but were not affected by camphor. Nevertheless, the small effect on TRESK may contribute to the cold sensitization and synergize with the genuine effects of cooling.
In nociceptive neurons, K V 7 channel subtypes form the noninactivating M-current, which affects the neuronal resting membrane potential. Inhibition of the M-current is pronociceptive and occurs under inflammatory conditions conveyed, for example, by mediators coupling to phospholipase C (Linley et al., 2008 (Linley et al., , 2012 . Modulation of M-current directly affects membrane excitability in all types of neurons, which is documented by inherited loss-of-function mutations within M-channel genes (K V 7.1-K V 7.5). In case of K V 7.2, this result in peripheral nerve hyperexcitability states and benign familial neonatal seizures (Miceli et al., 2012) . Indeed, excess topical exposure or accidental ingestion of camphor in children can result in tonic-clonic seizures (Love et al., 2004) .
De novo cold sensitivity in cutaneous nociceptors may be a sign of high M-channel activity A remarkable finding of the present study was that menthol as well as camphor induced de novo cold responsiveness in a large proportion (45-60%) of mechanosensitive C-fibers. These units have functional cold transducers, but the cold-activated generator potential is too small to reach the threshold for action potential generation. When cooling is combined with menthol or camphor, the generator potential increases and cold-sensitivity becomes apparent. De novo cold sensitivity may be a sign for a particularly high M-channel activity, which in case of menthol (or camphor) application is attenuated and contributes to the sensitized cold response. This coherence is also in line with our finding that application of the M-channel enhancer retigabine dramatically reduced menthol-sensitized cold responses in CMC fibers. These particular types of nociceptors may undergo recruitment under pathophysiological conditions (e.g., in response to contact with an endogenous agonist or sensitizer), like bradykinin is one in recruiting heat responsiveness (Reeh and Pethö, 2000) and causing M-channel block (Linley et al., 2012) .
Remarkably, from all cold-sensitive units treated with menthol, only one-third were sensitized to cold. The remaining cold-sensitive units either rely on another cold-transducing mechanism enabling the inward current for the generator potential or are TRPM8 positive, but suffer desensitization (Cliff and Green, 1996; Rohács et al., 2005) . In this respect, we also observed mixed sensitizing and desensitizing effects with the TRPV1 agonist capsaicin when applied to receptive fields (St. Pierre et al., 2009 ).
Functional synergism between K V 7 channels and TRPM8-dependent cold transduction The finding that XE991, a selective blocker of K V 7 channels, induced potent cold sensitization in the same camphor-and menthol-sensitive TRPM8-expressing fibers, but not in other types of fibers, suggests that the contribution of K V 7 channels to enhanced cold transduction is specific to TRPM8-expressing pathways.
In contrast to camphor, XE991 was less effective but still more than doubled cold responses when used at the EC 80 . The coldsensitizing effect of camphor was quantified using 2 mM, which represents the EC 50 in K V 7 heteromultimers (K V 7.2/K V 7.3), although K V 7.2 was determined to be more sensitive with an EC 50 of 0.5 mM. The blocking effect of menthol on K V 7.2 was larger, with an EC 50 of 0.29 mM. Referring to the increase in the magnitude of the cold response induced by XE991, block of K V 7 channels may explain approximately two-third of the cold-sensitizing effects of camphor and certainly some of the cold-sensitizing effects of menthol in terminal nerve endings. The remaining cold-sensitizing effect of camphor should be mediated by other ion channels, which may include the K 2 P channel TRESK.
In general, block of the M-current is induced by an increase in intracellular Ca 2ϩ and depletion of membrane phosphatidylinositol 4,5-bisphosphate (PIP 2 ), which can occur independent of each other Linley et al., 2008) . In cold nociceptors, Ca 2ϩ is provided directly through cold-activated TRPM8, and usually, sustained opening of TRPM8 results in PIP 2 depletion and decreased activity or adaptation of the cold sensors (Rohács et al., 2005; Daniels et al., 2009; Yudin et al., 2011) . This is also applicable to the peripheral endings, where the highest concentration of menthol induced strongest adaptation. Inhibition of M-current could thus be a direct consequence of sustained TRPM8 activation by cold and could counteract TRPM8 desensitization enabling a sustained generator potential and a higher density of discharged action potentials. This view is supported by the observation that both camphor and XE991 required TRPM8 activation to induce sensitization to cold, and that XE991 alone had almost no effect on the temperature threshold of activation.
In this respect, our finding of a negative correlation between the magnitude of the cold-sensitizing effect achieved by M-channel inhibitors and the temperature threshold of activation of cold nociceptors (Fig. 8 B, D) may not be explained solely by opposite levels of K V 7 channel availability. In fact, a similar relationship would be apparent if expression levels of TRPM8 receptors and K V 7 channels were matched, and K V 7 block contingent on TRPM8 activation. In this scenario, high TRPM8 activity would always confer high state of K V 7 block and vice versa. The finding that camphor-and XE991-induced sensitization is entirely absent in TRPM8-deficient mice is in line with the finding that cold sensitization is absent in any non-TRPM8-expressing fiber type. The conclusion is clear. Block of K V 7 can provide considerable amplification of cold transduction, but is too weak to initiate cold transduction without cold-activated TRPM8.
Our study highlights some exquisite differences between cultured sensory cell bodies and cutaneous nerve terminals and shows that the effect of a multiple-target drug like camphor is tightly linked to the ion channel expression profile of the target tissue. This notion is illustrated in particular by the contrasting effects of camphor in low-threshold corneal cold thermoreceptors, where it exerts transient activating and blocking effects due to the exquisitely high expression of TRPM8 (Parra et al., 2010) . Last but not least, the recent identification of functional M-channels in keratinocytes and their contribution to ATP release may additionally explain some of the sensitization of camphor to warming of the skin (Mandadi et al., 2009; Reilly et al., 2013) .
Taken together, combinations of TRPM8 agonists and locally active M-channel blockers would be a plausible strategy to increase the effectiveness of topical coolants or potentially of cooling-or TRPM8-agonist-mediated analgesia (Liu et al., 2013) . Our findings may also shed light on mechanisms of cold allodynia where a pathological state of hyperexcitability can be generated through a block of potassium channels and/or an enhancement of sodium channels (Roza et al., 2006; Eberhardt et al., 2012; Vetter et al., 2012; Deuis et al., 2013) .
